Magnetic properties of palladium and palladium-platinum alloy (Pd-Pt) of different hydrogen content were measured in a hydrogen atmosphere at ambient temperature using a superconducting quantum interference device (SQUID) magnetometer. It was found that the magnetic susceptibility of Pd and Pd-Pt alloy decreased with increasing hydrogen content. These results were attributed to a change in the electronic structure of the valence band. Increasing hydrogen content in Pd and Pd-Pt alloy causes the Fermi level to rise and the density of states at Fermi level to decrease. Since the magnetic susceptibility is proportional to the density of states at the Fermi level, the magnetic susceptibility decreases with increasing hydrogen content. The magnetic susceptibility of Pd-Pt was smaller than that of Pd over the whole hydrogen content range. This was ascribed to the higher position of the Fermi level of Pd-Pt than that of Pd.
Introduction
Alloys (i.e. hydrogen storage alloys) that easily absorb a large amount of hydrogen have potential applications in hydrogen storage, 1, 2) thermodynamic devices, 1) actuators or hydride batteries. Much interest has also been paid to changes of the physicochemical properties of alloys induced by hydrogen absorption. These include changes in crystal structure as well as changes in the magnetic, electronic and mechanical properties. Palladium hydride 3) and thorium hydride, 4) for instance, show superconductivity and transition temperature changes with increasing hydrogen content. Concerning the magnetic properties, it has been observed that the Curie temperature of La(Fe x Si 1Àx ) 13 5) rises with increasing hydrogen content.
Magnetic properties of hydrogen containing metals or alloys measured so far are limited to hydrides of rare-earth and Zr alloys. [6] [7] [8] [9] [10] [11] [12] This is because they show such a low equilibrium pressure at ambient temperature that measurements of magnetic properties can be carried out rather easily in air or inert gas atmosphere. Other metal hydrides have in spite of their interesting properties too high equilibrium pressure to allow measurements at ambient temperature in air or inert gas atmosphere. It is to be noted that measurements must be carried out under hydrogen atmosphere to maintain a specific hydrogen content, otherwise the metal hydride decomposes to hydrogen gas and metal.
The palladium-hydrogen system was chosen because of the large isotope effect on hydride formation 13) and the appearance of superconductivity during by hydride formation. 10, 14) The Fermi level of palladium lies just above the peak in the density of states in a narrow d band. 15, 16) This suggests that the magnetic susceptibility is large and it should be significantly affected by hydride formation, depending on hydrogen content. Since these measurements are not always easy, only a few papers have been published on the magnetic properties of the Pd-H system. 14, 17) In the present study, a simple device was developed for measuring the magnetic properties of Pd and Pd-Pt hydrides under hydrogen atmosphere at ambient temperature using a superconducting quantum interference device (SQUID) magnetometer. The Pd-Pt system was selected because of its interesting properties, i.e. (1) platinum belongs to the same group as palladium and shows paramagnetism, (2) the equilibrium pressure of the Pd-Pt hydride is higher than that of Pd hydride and (3) the isotope effect on hydride formation 18) is so large that it can be applied to hydrogen isotope separation. 19) 2. Experimental
Sample and vessel preparations
Palladium rods and a Pd 0:92 Pt 0:08 ingot were purchased from Koujundo Chemical Lab. Co. Ltd. and Tanaka Kikinzoku Kogyo K. K. respectively. Their purities were guaranteed to be above 99.9%. To fit a sample into a measurement vessel, a palladium rod and a Pd 0:92 Pt 0:08 ingot were cut into small fragments.
A measurement vessel was made of a copper tube and glass beads. Copper was selected because it has suitable properties for the preparation of hydrides and with respect to a measurement of magnetic properties: (1) a copper tube can accept hydrogen pressures of more than 1 MPa, (2) the thermal conductivity is high, (3) the malleability is high and (4) the magnetic susceptibility is sufficiently low. Figure 1 shows a schematic diagram of the measurement vessel. The vessel is 100 mm long and has an inner diameter of 3 mm and an outer diameter of 4 mm. To fix the sample, it was filled with small glass beads 0.2 mm in diameter. The measurement vessel was attached to a high vacuum. After absorption of hydrogen by the sample, the vessel was pinched at the upper parts of the vessel to isolate from the vacuum system and to maintain the hydrogen atmosphere during the magnetization measurements.
The magnetization was measured using a Quantum Design MPMS 7 T provided with a SQUID amplifier. The system could generate a strong magnetic field of up to 7 T. The measurement vessel was inserted in a plastic tube, whose inner diameter was 6 mm, to fix the vessel to the sample holder of the apparatus. The magnetization was measured at ambient temperature. Figure 2 shows results of performance test of the measurement vessel, where the results of the measurements with the vessel are compared with those without the vessel. The close circles indicate the results of magnetization measurements without the vessel, and the open circles represent the results with the measurement vessel. Both of the results laid on a straight line and they agreed very well. Consequently, the measurement vessel is suitable to measure the magnetic properties of Pd and its related compounds.
Preparation of hydride samples and measurement of
magnetic properties A volumetric method was applied to determine the amount of hydrogen absorbed by the samples. To minimize surface poisoning by impurity gases, a high vacuum system was used. The system was equipped with a turbo-molecular pump with an oil-sealed rotary fore pump. The achieved vacuum was routinely below 1 Â 10 À5 Pa. Three capacitance manometers (MKS 622A-11TBE, -12TBE, -13TBE), which were covering a range of 0.13 to 133.3 kPa, were installed in the system to measure hydrogen pressures.
Fragments of a sample alloy were introduced into the measurement vessel and then the vessel was attached to the high vacuum system. Subsequently, the vessel was evacuated and the volume of the vessel determined with argon gas using a volumetric procedure. Therefore, the vessel was again evacuated below 1 Â 10 À5 Pa. The sample was activated by heating at 473 K for 2 hours under vacuum. Subsequently, it was cooled down to ambient temperature and a given pressure of hydrogen gas was expanded into the vessel. After absorption equilibrium was established, the upper part of the vessel was pinched and isolated from the vacuum system. Subsequently, the pinched vessel was installed into the SQUID magnetometer to measure the magnetic properties. The amount of absorbed hydrogen by the sample was calculated from the pressure drop. 
Results

Figures
Glass beads
To high vacuum system and gas supply system Pinching and isolating after hydrogen absorption To confirm the influence of hydrogen content on the magnetic susceptibility of Pd and Pd 0:92 Pt 0:08 , the magnetic susceptibility were calculated from the magnetization at 5 T. The effect of the hydrogen absorption on the magnetic susceptibility has been plotted in Fig. 5 , where the ordinate is the magnetic susceptibility and the abscissa the hydrogen content. Open circles denote the results for Pd and close circles those for Pd 0:92 Pt 0:08 . The magnetization of Pd 0:92 -Pt 0:08 is 70% that of Pd. This agrees well with the observations by Moysan et al. 20) The magnetic susceptibility of both samples decreased with increasing hydrogen content. For Pd hydride, the magnetic susceptibility fell down to zero at [H]/[Pd] ¼ 0:6. This behavior agrees with previous observations. 14, 17) As for the Pd-Pt alloy, the hydrogen concentrations at which the magnetic susceptibility became zero was [H]/[Pd 0:92 Pt 0:08 ] ¼ 0:45. These hydrogen contents are consistent with the termination of plateau regions on pressure-composition isotherms. 18, 20) 
Discussions
The magnetic susceptibility of Pd and Pd 0:92 Pt 0:08 decreased with increasing hydrogen content as shown in Fig. 5 . Since the magnetic susceptibility is proportional to the density of states at the Fermi levels, it is considered that hydrogen absorption gives rise to a reduction in density of states at the Fermi level for both Pd and Pd 0:92 Pt 0:08 . In fact, according to Papaconstantopoulos et al. 15, 21) the density of states of the Pd hydride decreases with increasing hydrogen content. Figure 6 compares the change in the magnetic susceptibility of Pd hydride with hydrogen concentration and that of the density of states calculated by Papaconstantopoulos et al. 21) As for the magnetic susceptibility, it decreases almost linearly with increasing hydrogen content. The density of states also decreases with hydrogen content, but it decreases in an undulatory fashion. 21) Nevertheless, the reduction in magnetic susceptibility with increasing hydrogen content is consistent with the change in density of states at the Fermi level. On closer inspection, however, the magnetic susceptibility at a hydrogen content of 17) although they ascribed the deviation to experimental errors. However, another plausible explanation would be that the deviation in due to the fine structure of the density of states, because the density of states 21) actually shows a saddle point around [H]/[Pd] ¼ 0:3. More work is necessary to understand in detail the density of states of Pd hydride from the viewpoint of the magnetic susceptibility.
In spite of the observations by Moysan et al. 20) that the Xray photoelectron spectrum of Pd 0:9 Pt 0:1 is similar to that of Pd, the Fermi level of platinum (E F ¼ 1:39 Â 10 À18 J (¼ 8:68 eV)) is higher than that of palladium (E F ¼ 1:01 Â 10 À18 J (¼ 6:31 eV)). 16) Therefore, it can be expected that alloying with Pt causes a change in electronic structure of Pd. To confirm the influence of alloying with platinum on the electronic structure, molecular orbital calculations were carried out for a small cluster of Pd 12 Pt 2 using the DV-X package. 22) The highest occupied molecular orbital (HOMO) of platinum was located above that of palladium. It was similar to an electronic structure of Pd 12 Ni 2 cluster. 
Conclusions
The magnetic properties of palladium and a palladiumplatinum alloy under a hydrogen atmosphere were measured by developing a simple measurement vessel by use of a SQUID magnetometer. The magnetic susceptibility of both palladium and palladium-platinum alloy decreased with increasing hydrogen content. The magnetic susceptibilities of palladium-platinum alloy and its hydrides were found to be smaller than those of palladium and its hydrides. The change in the magnetic susceptibility with hydrogen content was explained by the fact that the Fermi level is shifted upwards by the absorption of hydrogen. The effect of adding platinum to palladium is ascribed to the upward shift of the Fermi level due to decrease in the density of states.
